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Edited by Horst FeldmannAbstract The 1-methyl-nicotinamide radical (MNA*), pro-
duced by pulse radiolysis has previously been shown to reduce
the CuA-site of cytochromes aa3, a process followed by intramo-
lecular electron transfer (ET) to the heme a but not to the heme
a3 [Farver, O., Grell, E., Ludwig, B., Michel, H. and Pecht, I.
(2006) Rates and equilibrium of CuA to heme a electron transfer
in Paracoccus denitriﬁcans cytochrome c oxidase. Biophys. J.
90, 2131–2137]. Investigating this process in the cytochrome
ba3 of Thermus thermophilus (Tt), we now show that MNA* also
reduces CuA with a subsequent ET to the heme b and then to
heme a3, with ﬁrst-order rate constants 11200 s
1, and
770 s1, respectively. The results provide clear evidence for ET
among the three spectroscopically distinguishable centers and
indicate that the binuclear a3-CuB center can be reduced in mol-
ecules containing a single reduction equivalent.
 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Cytochrome c oxidases (CcO) are integral membrane proteins
that catalyze electron transfer from cytochromes c to dioxygen,
reducing it to H2O with coupling to the translocation of four
protons from the inner space (mitochondrial matrix or bacterial
cytoplasmic space) to their respective outer spaces ([1] and ref-
erences therein). These enzymes are arguably responsible for
>90% of global dioxygen reduction, and their mechanisms have
drawn considerable attention, particularly with orthologs of the
A-type, including the mitochondrial enzyme (cf. [2,3]).
As discussed elsewhere, pulse radiolysis has been widely em-
ployed in studies of electron transfer (ET) to and within a vari-
ety of multi-redox center proteins (cf. [4]), including bovine
CcO [5] and the orthologous enzyme from Paracoccus denitrif-
icans [4]. Here we extend the application of this method to the
cytochrome ba3 from Thermus thermophilus. This enzyme
typiﬁes the B-type [2] CcOs, having high functional- and elec-
tronic-structure similarity, proton translocation, and contain-
ing CuA-, CuB- as well as low- and high-spin heme centers
[6,7]. Although they share a very low amino acid sequence*Corresponding authors.
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nominally identical [8,9], and they have the same metal ligan-
ding residues [10]. A special feature of this enzyme is that the
low-spin heme b, which substitutes for the low-spin heme a of
A-type bacterial oxidases, is spectrally distinct and therefore
provides a new tool for investigating the general mechanism
of cytochrome c oxidases. Here we report the observation of
intramolecular ET from heme b to the heme a3 of the T.
thermophilus enzyme, proceeding in the millisecond time range.2. Materials and methods
2.1. Materials
Hepta-histidine tagged, recombinant cytochrome ba3 was prepared
as described by Chen et al. [11]. Approximately 28 mg of ba3 was
concentrated into 0.7 ml of 10 mM potassium phosphate, pH 7.5, buf-
fer and 1 mM dodecylmaltoside. Portions of this solution were sealed
in glass ampoules and shipped from San Diego to Rehovot on wet ice
and subsequently maintained at 0–4 C. Optical absorption spectra
were recorded in San Diego using an SLM/AMINCO model
DB3500- and in Jerusalem using a Hewlett Packard 8452A diode array
spectrophotometer using ered560–590 ¼ 26 mM1 cm1 for determining
enzyme concentrations.
2.2. Kinetic measurements
Time-resolved measurements were carried out using the pulse radiol-
ysis system based on the Varian V-7715 linear accelerator at the He-
brew University in Jerusalem, Israel. 5 MeV accelerated electrons
were employed using pulses in the length of 0.05–1.5 ls. Protein solu-
tions containing 5 mM 1-methylnicotinamide chloride (MNA+ Cl),
10 mM potassium phosphate buﬀer at pH 7.5 and 1 mM dodecylmal-
toside (DDM) were de-aerated and saturated with high purity Ar at a
pressure slightly in excess of 1 atmosphere. The yield of reducing
MNA* radicals is 4 lM/ls pulse width. A 1.00 cm optical path spec-
trosil cuvette was employed, using either one or three light passes
resulting in an optical path length of 1 or 3 cm, respectively. Further
details can be found in [4]. Reactions were performed under pseudo-
ﬁrst order conditions, typically with a 20-fold excess of oxidized
protein over reducing radicals. In all cases, less than one reducing
equivalent was introduced into the enzyme.
Enzyme samples were found to be stable without a decrease of elec-
tron transfer rates for periods over a month and to reduction by dithi-
onite and reoxidation by O2 even while being maintained at 75 C for
several hours.3. Results and discussion
Fig. 1 shows the optical absorption spectra of fully oxidized-
and fully-reduced cytochrome ba3 in the near ultraviolet, the
visible, and the near infrared regions. Because CuB has notation of European Biochemical Societies.
Fig. 1. Optical absorption spectra of T. thermophilus cytochrome ba3
in the ultraviolet (top panel), the visible (middle panel), and near
infrared (lower panel) regions. Oxidized protein (solid lines) and
reduced protein (thin lines with diamonds). Isosbestic points are
marked with a circle: 420, 457, 550, 569, 600, and 619 nm. To avoid
signiﬁcant light scattering, spectra were recorded at diﬀerent concen-
trations and normalized to a concentration of 4.86 lM. Conditions
were 100 mM Tris–HCl, pH 8, and the samples were reduced and made
anaerobic by addition of a small excess of solid sodium dithionite.
1 This version of the deconvolution is tentative. Open issues remain
about the real baseline in the 800–900 nm range (where our spectro-
photometer can make measurements) and there are likely weaker
transitions at longer wavelength where additional measurements need
to be made.
2 The slower reoxidation of CuA and heme b are not due to the
presence of adventitious O2 in the solutions as evidenced by both the
full reproducibility of the kinetic results in diﬀerent experiments and
the complete stability of the partially reduced optical spectra measured
independently on the same solutions, in a separate spectrophotometer.
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consist of contributions from oxidized and reduced CuA
ðCuoA;CurAÞ; oxidized and reduced heme b (bo,br) and oxidized
and reduced heme a3 ðao3 ; ar3Þ. Hence, up to six chromophores
can contribute to the observed spectrum of a partially reduced
sample. Preliminarly steps to deconvolute these spectra into
individual contributions (Fee et al., to be published elsewhere),
reveal that absorption in the 740 to 800 nm region is almost
entirely due to CuoA; 600 to 725 nm region is 80% due to ao3
and 20% to CuoA; in the 525 to 580 nm range, ao3 and ar3 ab-
sorb rather weakly and almost equally thereby enabling one to
monitor the large changes between bo and br; ﬁnally, absorp-
tion at 445 nm reﬂects very small contributions from CuoA,
bo, and br with the appearance of the shoulder at this wave-length being due almost exclusively to ar3. Time resolved
absorption changes at given wavelengths are interpreted with
guidance based on this tentative analysis of the ba3 optical
spectra. 1 In addition, contributions from the transient absorp-
tion of the MNA* had to be taken into account, though these
were usually limited.
As with the other CcOs, the fastest resolved event is reduc-
tion of CuA. As noted above, absorption changes at 790 nm re-
ﬂect exclusively changes in the valence state of the CuoA
(e  1900 M1 cm1 [12]) and CurA is colorless. Thus, monitor-
ing this wavelength reports the initial electron uptake by CuA,
Fig. 2A, (s  5 ls): [NMA*] 6 lM and ½CuoA ¼ 107 lM (cf.
Eq. (1)). The yield of ½CurA ¼ 6:5 lM, and no other changes
in the enzyme’s chromophores were resolved in that time do-
main. Analysis of the A790 time courses over a range of initial
[NMA*] and [ba3] established a second-order ET reaction be-
tween MNA* and CuoA with k = 2.0 · 10
9 M1 s1 at 24.8 C.
This reaction was followed by a reoxidation of CuA, corre-
sponding to 2.25 lM, with a time constant of s  90 ls.
Fig. 2B (left panel) shows traces recorded over a 400 ls time
domain at 560 nm, where heme b undergoes reduction con-
comitant with the above reoxidation of CurA. From the absor-
bance changes a reduction yield of 0.17 lM is calculated. The
process was independent of either [ba3] or [NMA*], which sug-
gests an intramolecular ET equilibration between CuA and
heme b (cf. Eq. (2)) with a rate constant, kobs = 11200 s
1 at
25 C. At a longer time domain, however, reduced heme b
undergoes partial reoxidation. 2 This process was also found
to be independent of reactant concentrations with
kobs  770 s1 at 25 C. At 445 nm, a wavelength characteristic
for reduced heme a3, a large absorption increase was observed
at a similar time scale, suggesting that the reaction monitored
is indeed an ET equilibration between hemes b and a3 (Eq. (3)
and Fig. 3).
We have examined these reactions at pH 7.5 at 24.8 C and
analyzed the data in terms of a second-order reduction of CuA
by MNA* followed by establishment of Equilibrium 2. Note
that this represents the equilibration of one electron between
the CuA- and heme b centers – within individual ba3 molecules.
Table 1 compiles the calculated values of forward and reverse
rate constants and the equilibrium constants for ba3. As stated
above, measurements within spectral regions where heme a3
dominates resolved an additional process at longer times, sug-
gesting further ET from heme b to the Fea3–CuB pair (cf. Eq.
(3)):
CuoAb
oao3 þMNA ! CurAboao3 þMNAþ ð1Þ
CurAb
oao3 $ CuoAbrao3 ð2Þ
CuoAb
rao3 $ CuoAboar3 ð3Þ
Fig. 2. Time resolved absorption changes reﬂecting fast electron transfer processes due to the reduction of the CuA- and heme b centers by the MNA*
radical and the slower ET equilibration between these centers in Tt cytochrome ba3. The conditions were: 24.8 C, 5 mM 1-methylnicotinamide,
10 mM potassium phosphate buﬀer, pH 7.5, and 1 mM dodecyl maltoside, Ar saturation. Pulse width = 1.5 ls. Optical path = 3 cm. Top panel (A)
[ba3] = 107 lM, k = 790 nm, time scales 0–100 ls (left) and 0.1–1.0 ms (right). Lower panel (B) [ba3] = 8.6 lM, k = 560 nm. Pulse width = 0.05 ls and
the time scales are 0–400 ls and 0.4–4.0 ms.
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lengths where the absorption is dominated by the a3-center.
The 445 nm shoulder arises uniquely from the presence of ar3
(see Fig. 1) as already established in earlier work where the
reaction of CO with reduced enzyme to form the ar3-CO com-
plex resulted in loss of the 445 nm shoulder [6] as well as by
resonance Raman spectroscopic studies [13]. Presented in
Fig. 3 are time-resolved changes at 445 nm that show three dis-tinct processes in the time range 0–4 ms. At short times, up to
100 ls a small increase followed by a small decrease in A445
are observed, most probably reﬂecting tails due to the forma-
tion and decay of the MNA*. On a millisecond time range, a
large increase in A445 was observed, which has been established
as a ﬁrst-order process with time constant, s  1 ms and repre-
sents the formation of ar3. Static, time independent spectra re-
veal the characteristic presence of br (560 nm band) and ar3
Fig. 3. Time resolved absorption changes at 445 nm indicating slow intramolecular ET to the heme a3 from the CuA- and/or the heme b centers in
partially reduced Tt ba3. Conditions are as described in the legend to panel B of Fig. 1. The time scales are 0–400 ls and 0.4–4.0 ms, respectively.
Table 1
Thermodynamic and kinetic data for intramolecular ET equilibration at 25 C
K1 K2 kobs1 (s
1) kf1/kb1 (Eq. (2)) kobs2 (s
1) kf2/kb2 (Eq. (3))
0.53 ± 0.06 0.37 ± 0.04 11200 ± 1300 3880 ± 420 770 ± 85 210 ± 24
7320 ± 800 560 ± 65
3420 O. Farver et al. / FEBS Letters 580 (2006) 3417–3421(445 nm shoulder; data not shown). In other experiments, we
have examined ar3 formation at several additional wavelengths
and obtained results consistent with the above interpretation.
These results support a general reaction (Eqs. (1)–(3)) se-
quence where an electron from the pulse-radiolytically pro-
duced NMA* is transferred only to the CuA center of Tt ba3,
followed by an intramolecular ET equilibration of CuA with
heme b (Eq. (2)): kobs1 = kf1 + kb1 = 11200 s
1 (see Table 1)
and an apparent equilibrium constant of K1 = kf1/kb1 = 0.53.
Thus, within 100 ls after the pulse, a dynamic mixture exists
of ba3 molecules carrying a single electron either on CuA or
heme b. Further ET to ao3 occurs with kobs2 = kf2 +
kb2 = 770 s
1 (see Table 1). The absorption changes monitored
at 560 nm (Fig. 2B) reﬂect heme b reduction and reoxidation
and the ratio between amplitudes of these two phases corre-
sponds to an equilibrium constant (cf. Eq. (3), above)
K2 = kf2/kb2 = 0.37. Hence, 1 ms after the pulse, a dynamic
mixture exists of ba3 molecules carrying a single electron dis-
tributed over perhaps all four redox centers, again with the
low-spin heme being slightly favored.
The observed distribution of a single reduction equivalent
amongst CuA-, hemes b- and a3-, and possibly the CuB-center,
may indicate that the relative redox potentials do not diﬀer
markedly. Indeed, from the equilibrium constants, K1 and
K2, we calculate the diﬀerence in reduction potentials; from
K1 = 0.53, DE
0 = 16 mV and from K2 = 0.37, DE0 = 25 mV.
These diﬀer considerably from those of Hellwig et al. [14] who
found, using spectro-electrochemistry in the presence of medi-ators, that the reduction potential of a3 ranges from +60 to
+130 mV higher than that of heme b. Were the latter values
to hold in the PR experiments, one would ﬁnd the electron
to reside ultimately on a3. These diﬀerences in relative redox
potentials likely reﬂect the facts that in our experiments the
ba3 molecules contain, on average, less than one reduction
equivalent, and equilibration is occurring within single mole-
cules. In the spectro-electrochemical measurements, electrons
are equilibrating both intra- and inter-molecularly (cf. Yoshida
and Fee [15]).
Table 2 compares the present results with those of previous
studies of A-type CcOs demonstrating a highly similar reaction
scheme as described above in terms of electron transfer to and
between CuA and the low-spin heme a [4,5]. The rate of intra-
molecular ET from CurA to b
o in Tt is slower compared with
the same process taking place in the A-type enzymes. This
may be expected from a smaller driving force of this reaction,
cf. Table 2. Also noteworthy is the diﬀerent behavior with re-
spect to the high-spin, heme a3. No electron transfer to a3 was
observed in the A-type enzymes even when both the CuA and
heme a centers were reduced. These observations suggest
rather diﬀerent, relative reduction potentials among the three
chromophores in the A-type as compared to the B-type oxi-
dases. Many studies have been performed to measure and
interpret the redox potentials of A-type oxidases, but no coher-
ent explanation has emerged (Ref. [16], pages 88–116, also
[17]). However, several studies suggest that the low-spin heme
may indeed have a higher reduction potential than the a3-CuB
Table 2
Intramolecular electron transfer rates at 25 C for three cytochrome c
oxidases
Enzyme k1 (s
1), CurA !ðao & boÞd
Driving force,
DG0 (eV)
k2 (s
1) CurA &
ar; br ! ao3e
Bt aa3
a 13000 ± 1200 +0.031 ± 0.005 Not observed
Pd aa3
b 20400 ± 1500 +0.018 ± 0.001 Not observed
Tt ba3
c 3880 ± 420 0.016 ± 0.002 770 ± 85
aRef. [5].
bRef. [4].
cThis work.
dNotation as described in the text. ar refers to the low-spin heme of the
A-type oxidases.
eOur current data do not permit direct resolution of ET from CurA to a
o
3 ;
however, ET to the high-spin site most likely occurs from the reduced,
low-spin heme.
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er electron aﬃnity in the A-type oxidases.
Cytochrome ba3 exhibits rather diﬀerent behavior toward
so-called a3-ligands in spite of its nearly identical 3-D structure
with A-type CcOs. Thus, HCN, H2O2, HN3, and H2S react
slowly or not at all with oxidized ba3. Remarkably, upon intro-
ducing one electron per ba3, each of the above reagents reacts
rapidly with the a3-CuB site [13,19] leaving, in the case of
HCN, CuoA, b
o, and CuoB [13,20]. The present results suggest
that low-temperature quenching techniques combined with
EPR may reveal CuoB even in the absence of a strong-ﬁeld
ligand to ar3.
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